The velocity of the small-sized attached drops on the edges of the sheet is determined, which is assumed to represent the fluid velocity on the edges of the sheet.
INTRODUCTION
When two equal cylindrical jets collide, they form an expanding sheet in the plane perpendicular to the plane of the two jets. When the two jets are coaxial, a circular sheet is formed. Otherwise, the sheet takes a leaflike shape. This process is sketched in Fig. 1 . This problem has received significant attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] due to its broad range of applications from rocket propulsion systems to mixing in a chemical reactor. Dombrowski and his coworkers [7] [8] [9] conducted extensive experiments to analyze the factors influencing the breakup of sheets, and made significant studies, which served to expose wave motions of high-velocity sheets. Huang [10] examined the breakup mechanism of axisymmetric liquid sheets, and analyzed the speed of antisymmetric waves moving on the sheets. Ibrahim [11] developed theoretical expressions to predict the thickness and shape of a spray sheet. Clanet and Villermaux [12] analyzed the structure of smooth liquid sheets formed by a jet impinging on a small disk, and studied the dynamics of sheet formation and destruction. Villermaux and Clanet [13] studied the flapping sheet also formed by a round liquid jet impacting a solid circular disk, and experimen- 
NOMENCLATURE

Greek symbols
he edge thickness of the spray sheet φ azimuthal angle on the sheet l amplitude of edge instability ϖ growth rate of the bead r radial distance ϖa propagation speed from the impinging point of antisymmetric waves r ′ radius of curvature of the sheet rim ϖ c curve-fitting growth rate rD drop radius ϖ * nondimensional growth rate re radial distance between edge of the bead and impinging point ρ density of water U mean jet velocity σ surface tension of water V surface velocity -fluid velocity θ half the impingement angle in the sheet ψ angle between stream velocity Vb motion speed of beads vector and sheet edge on the edge of sheet edges of the sheet, where the local Weber number, We = ρV 2 h e ⁄ 2σ, is equal to 1. Here, ρ, σ, V, and h e represent the density and surface tension coefficient of the fluid, local velocity, and local edge thickness on the sheet, respectively. However, no study can provide a detailed analysis and description of droplets forming from sheets of stable shape, which are produced by impingement of two jets with low velocities. This has been the objective of the present investigation.
EXPERIMENTAL SETUP AND APPARATUS
An experimental setup is developed to study the instabilities that occur at the edges of a liquid sheet formed by the impingement of two liquid jets. Figure  2 illustrates the experimental setup, which is composed of three major components, namely, the flow system, a two-jet impingement platform, and a visualization system. The flow system consists of a constant high-pressure air source, a tap water source, a holding tank, and several gauges and valves. High-pressure air is connected to the system through a regulator to drive the flow. The water tank is connected to tap water for refilling the tank. Two needle valves are used to finely adjust the flow rate of the circuits, which supply fluid to the two nozzles. The two nozzles are mounted on a two-jet impingement platform, which is fixed on the top of a stand with a three-dimensional adjustment system. The platform is composed of an aluminum plate and an angle-adjustable structure. The plate with four slots holds one of the two nozzles. The slots are positioned 15° apart. The angle-adjustable structure is constructed of two aluminum bars and holds another nozzle. This structure is able to produce any angle in line with the positioning of another nozzle on the plate, and also to adjust the relative position between the two nozzles. In order to make sure that the two nozzles are in the same plane, a micrometer is attached to the structure to finely move the whole structure in the direction normal to the aluminum plate. This design allows easy and precise alignments. The two nozzles are made from two stainless steel tubes with 0.4 mm inner diameter, d, and 64 mm length. Hence, the ratio of length to inner diameter of the nozzles is 160. This ratio is sufficient to achieve a fully developed parabolic velocity profile when the jet velocity is not high. Heidman [19] has shown that the free jet length has little effect on the appearance of the spray sheet provided that the jet does not break up prior to impingement. Therefore, the free length is chosen as 5 mm, which is well within the breakup length of the jets in this work, and it is kept constant.
Ideally, the impingement of two jets with the same diameter should result in a symmetric spray. Great care is taken to have planar, angular, and velocity alignments. First of all, to ensure that the two nozzles are positioned symmetrically with respect to the vertical line, the angle of each injector is carefully measured. The jets are first aligned by observing the sheet with the naked eye. The sheet must be perpendicular to the ground and also normal to the plane containing the two jets. The path lines of droplets at the two sides of the spray sheet must appear symmetric. The last step of alignment is to inspect the movies taken by the camera. The adjustment of the velocities of two jets, to make sure that they are equal, is also very important. This can be achieved by adjusting the two needle valves. Misalignment could cause the backward-moving part of the sheet to curl over.
The visualization system is composed of a high-speed video camera and a light source. The spray sheet is visualized by a high-speed video camera, PHOTRON FASTCAM-ultima 1024 manufactured by PHOTRON Ltd. The frame rate of 8000 fps (frame per second) is typically used. Consequently, the time interval between any two consecutive photographs is 1/8000 s. All the pictures shown in this paper are taken at 8000 fps. The shutter speed employed was 1/32,000 or 1/64,000 s. The bar interval for all the scales shown in this paper is 1 mm. The spray sheet studied in this work flows vertically, although all photographs are set horizontally. An intense source of light is used together with a ground screen to supply uniform illumination. The light and the camera are in line with the spray.
For studying edge instability, the impinging angle, 2θ, is fixed at 120°. Two impinging angles, 90° and 120°, are used to study the edge velocity. The mean jet velocity, U, ranges from 1.86 to 5.12 m/s, and hence the Reynolds number of the jet lies between 727 and 2026. The Reynolds number of the jet is defined as ρUd ⁄ µ, where ρ, µ, and d are the density and dynamic viscosity of water and the diameter of the jet, respectively. For each experimental condition, which has specific impinging angle and jet mean velocity, a sequence of progressive pictures is taken. Measurements are made on each picture, and variations are calculated based on the time interval of 1/8000 s.
EDGE INSTABILITY
In this work, we first investigate the breakup mechanism of the sheet with a closed rim. To obtain the sheets with closed rims, the Reynolds number of the jet is maintained lower than 2100. When the jet velocity is not very high, a relatively stable sheet exists due to the equilibrium between the surface tension forces and the momentum forces at the rim of the sheet. Figure  3 illustrates this equilibrium, and will be discussed in detail later. Due to small disturbances, beadlike shapes are generated on the edges of the sheet. These beads continuously grow while moving along the edge, and finally are detached from the edge. This results in the formation of drops and ligaments, and the ligaments may further break up and produce smaller droplets. When the jet velocity is low, beads cannot grow sufficiently before reaching the tip point of the sheet. They finally merge into large ligaments, which subsequently break up into large drops. The dimensions of the spray sheet become larger when the jet mean velocity is increased. Based on experimental observations, we identify the following three types of sheets.
Presheet formation:
This formation can be observed when the mean jet velocity is very low. Two jets merge after impingement while no droplets are formed on the edges of the sheet. The sheet is stable, but ruffled. No obvious growth of beads can be seen on its edges. At the tip of the sheet, an irregular and distorted jet is formed, which breaks up into large droplets further below the tip. The final breakup mechanism is due to the classical instability of a single jet studied by Rayleigh [20] .
2. Smooth sheet: This type of sheet features a smooth surface. On the edges of the sheet, the disturbance causes the local momentum force to be greater than the local surface tension force. These disturbances generate some beadlike shapes, which keep growing while moving along the edge. After growing to some extent, the beads develop into drops attached to the sheet edge via ligaments. The ligaments further disintegrate into smaller droplets after separation from the drops.
3. Ruffled sheet: When the fluid velocity on the sheet is high, air friction causes slight disturbances on the sheet to develop into aerodynamic waves. Thus, the surface of the sheet becomes ruffled. When the mean jet velocity in the foregoing regime is increased further, disturbances originate at the impact region of the two jets and propagate throughout the entire sheet. Since the fluid velocity is not high enough to make significant interaction with the surrounding air, the sheet flaps but still maintains a relatively stable shape. Capillary instability still dominates in producing droplets on the sheet rim.
Huang [10] identified two sheet breakup regimes. In Regime I, the sheet has a stable shape and grows with increasing jet velocity. In Regime II, the sheet size decreases with increasing jet velocity. The type of smooth sheet observed in the present work belongs to Regime I, and the type of ruffled sheet is in the transition regime.
To understand the formation of droplets on the edges of the sheet, we need to first understand how the sheet rim is formed. Figure 3 shows the rim of the sheet by a half circle at the right end of the lower sketch. A force balance on the control volume at the rim of the sheet provides
where ρ is the density of the fluid, V is the fluid velocity, ψ is the angle between the velocity vector and the local tangent on the sheet rim, and h e the edge thickness of the sheet. The force caused by surface tension can be expressed by
where σ represents the surface tension of the fluid, and r ′ denotes the local radius of the sheet rim. Assuming the edge of the sheet is semicircular with diameter h e (see Fig. 3 ), its radius of curvature is h e ⁄ 2. The sheet thickness is on the order of a few microns, whereas the sheet radius, r ′ , is on the order of millimeters. Therefore, the effect of 1 ⁄ r ′ on the surface tension force is negligible. This simplifies Eq. (2) as follows:
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Equating Eq. (1) to Eq. (3) gives
Rearranging Eq. (4) in the form of the Weber number yields
Clearly, in the case of axisymmetric sheets on which Ψ equals π ⁄ 2 everywhere, this relation is identical to the Weber number studied by Lin and Jiang [18] .
Taylor [4] developed the same relation as Eq. (4) by studying two kinds of capillary waves propagating on liquid sheets. These waves were referred to as symmetric and antisymmetric waves. Symmetric waves are highly dispersive, while antisymmetric waves are nondispersive. Taylor showed that the propagation speed of antisymmetric waves is independent of the wavelength and it is expressed as
where h is the local thickness on the sheet. In a sheet moving with velocity V, these waves are at rest if the angle Ψ satisfies the following relation:
This relation can be easily observed in Fig. 3 , if the curved line in the upper sketch is considered to be a line of constant phase instead of the rim of the sheet. Therefore, the rim of the sheet is a constant phase line of antisymmetric waves, and the sheet thickness is the edge thickness, h e . Equating Eq. (5) to Eq. (6) and replacing h with h e give Eq. (4). Plate I shows a rounded rim with a large diameter with respect to the sheet thickness. This rounded rim itself goes through an instability process, which we refer to as the edge instability, and which is the topic of the present investigation. The process of edge instability is shown in Plate I. Small disturbances produce beadlike edges on the sheet. These beads grow in size while moving along the edges of the sheet. After growing to some extent, the beads become drops attached to the sheet edge via ligaments. Finally, they are detached from the sheet, forming drops. Close inspection of the images shows that the ligaments themselves break up, forming even smaller droplets in addition to the main drops. It is found that the smallest droplets are generated by the breakup of the ligaments.
Bead Interval
To investigate the edge instability, the first step is to attempt to find the relation between the bead interval and the growth rate of the disturbances. The bead interval is defined as the distance between the two neighboring beads, which represents the wavelength of the edge instability.
The bead intervals are not constant during their motion along the edges of the sheet. Plate II compares the bead intervals of two photographs, and shows a dramatic change with time. The first photograph has a much higher density of bead distribution than the second one, which is taken 9/8000 s later. This is due to the velocity difference and merging of the neighboring beads. As indicated by the arrows on the photographs, the two merging events occur during this time period. A careful observation reveals that if the two neighboring beads have two different sizes, the smaller one moves faster at the same location on the edge due to lower drag forces. If the size difference is large enough and the smaller bead moves behind the larger one, the smaller one could catch up and merge with the larger one before detachment from the sheet. The photographs in Plate III show this phenomenon. Experiments also show that some new beads may appear between the two neighboring beads. This makes it impossible to determine the wavelength of the instability on the edges of the sheet.
Plate II also shows some concentric waves emanating from the impingement point. These waves are different from the antisymmetric waves noted by Taylor [4] . The wave fronts of these waves are not parallel with the edges of the sheet. These waves are referred to as the hydrodynamic or impact waves, which are produced at the point of impingement. Dombrowski [9] showed that the impact waves predominated over the whole sheet when both the impinging angle and the jet velocity were high. In most of our ex- perimental conditions, the impact waves damped quickly and became invisible further away from the impingement point.
Growth Rate of the Beads
As discussed above, small beads tend to move faster than larger ones when passing through the same location. They also have different growing characteristics. It is observed that small beads produce small drops provided they do not merge with the other beads. Here, we attempt to find a relation between the growth rate of the beads and the sizes of the resulting drops.
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Plate III Merging between two beads: A small bead is initially moving behind a large bead, and finally catches up and merges with the large one. (2θ = 120°; U = 4.48 m/s).
The sheet edge velocity changes along the edge (this will be further discussed later in this paper). Therefore, to reduce the velocity differences, only the beads starting from locations close to the jet impingement point (i.e., the azimuthal angle φ larger than 90°) are considered. Only one impinging angle of 120° is utilized for this study. Four mean jet velocities of 2.59, 3.54, 4.48, and 5.12 m/s are studied. Plate IV demonstrates the measurement method. In this example, the bead targeted in Plate I is traced. The photographs are clipped and enlarged. When studying the breakup of a capillary jet, the growth rate of the capillary instability is measured by measuring the displacement of a free surface point in the r direction in the cross section of the circular jet from the originally undisturbed free surface. A similar measurement method is adopted in this paper. However, the parameter l measured here is the maximum length of the bead starting from point O, which is the center point of the intersection between the bead and the unperturbed edge (see plate IV). This parameter is considered as the amplitude of the edge instability. Since the purpose of this work is to find the growth rate of the bead, and the scale does not affect the growth rate, the real length of l is not necessary. Hence, values of l are indicated by the numbers of pixels, which are measured from pictures. The radius of the drop resulting from the breakup of the bead, r D , is determined by measuring the two-dimensional area of the drop. The measurement is done when the drop on the high-speed photograph looks circular without significant deformation.
The measured data of Plate IV are plotted in Fig. 4 . The radius of the resultant drop is 290 µm. There are two distinct stages of development. The first stage occurs from time t to time t + 20/8000, which is exponential. This is called the "growing stage" in the present work. The symbol ϖ c indicates the exponential growth rate of the growing stage, and its value is obtained from curve fitting. The second stage starts from t + 20/8000, and continues until the drop completely separates from the sheet. This stage is linear for this case, and it is named the "detaching stage." The detaching stage may be exponential in other circumstances, as will be discussed later. Most of the beads observed in the present work are found to experience these two stages before finally developing into drops, whereas the rest only have the growing stage.
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Fig. 4 Growth of a bead growing at the upper part of the sheet (2θ = 120°; U = 3.54 m/s). Figure 5 provides an explanation for the growth of the beads on the edges of the sheet. When a small disturbance makes the edge swell into a small bead, the local radius of curvature increases. This establishes a lowpressure area, where the pressure is smaller than the pressure within the edge of the sheet. This pressure difference forces the liquid to continuously flow into and swell the bead. Additionally, the bead velocity, V b , starts to slow down as compared with the local fluid velocity in the sheet edge, V e . The following effects may be responsible for slowing down the bead velocity: (1) part of the incoming kinetic energy may go to the surface energy and part of it may dissipate due to the sudden change in the sheet thickness forming the rim, and (2) a larger air drag on the beads. The edge velocity V e is always in the local tangential direction. However, the bead trajectory increasingly deviates from the sheet trajectory along the sheet edge as the bead grows. Thus, the angle ω becomes larger along the sheet edge, and the bead tilts increasingly backward. This increases the relative velocity between the bead and the fluid in the sheet edge, and hence produces a stretching effect that accelerates the separation of the bead from the sheet edge.
Further observation of Fig. 4 shows that the growth rate for the detaching stage is higher than that for the growing stage. The growth rates of the beads initiated and grown in the region close to the tip of the sheet are shown in Fig. 6 . The results indicate that the detaching rate is still linear but smaller than the growing rate. The photographs on Plate V show the measured bead. This could be explained by the sketch in Fig. 7 . There are two beads, 1 and 2, representing the two beads shown by Figs. 4 and 6. Points A and B are the transition points of the two beads from the growing stage to the detaching stage. It is observed that the trajectory of the beads basically follows the tangential direction where the transition occurs. The circumferential curvature of the upper part of the sheet is larger than that of the lower part. Hence, the angle ϕ 1 is larger than ϕ 1 . Therefore, the stretching effect has more effect on bead 1 than bead 2. If V e2 cos (ω 2 ) is larger than V b2 , this could cause the detaching rate to be lower than the growing rate.
With the jet velocities being 3.54, 4.48, and 5.12 m/s, the growth rate in the detaching stage for beads forming near the impact region is linear. In these cases, breakup occurs on the side edges far from the tip of the sheet. However, for the small jet velocity of 2.59 m/s, breakup only occurs near the tip of the sheet. Some of the measured beads have an exponential detaching stage, while others only go through the growing stage until the breakup. Figure 8 and picture 1 on Plate VI describe a bead with an exponential detaching stage, while Fig. 9 and picture 2 on Plate VI show a bead without the detaching stage. When the mean jet velocity is low, the portion of energy carried away by air drag and bead growth is not considerable. Hence, V b is close to V e . The shearing and stretching forces caused by the difference between V b and V e do not have significant effects. When these effects are very small, capillary instability dominates the whole process. When they are moderate, the detaching stage has a higher exponential rate than the growing stage. All the beads measured with jet velocity being 2.59 m/s develop either of these two patterns. Plate VI Two beads growing on the edges of the sheet formed with low mean jet velocity: Picture 1 shows a bead 9/8000 s before breakup; Picture 2 shows another bead 8/8000 s before its breakup (2θ = 120°; U = 2.59 m/s).
Growth Rate Versus Drop Size
The growth rate of beads is related to the resultant drop radii. Two types of growth rates, dimensional and nondimensional, are employed. The dimensional growth rate is calculated by ϖ = 8000 ϖ c , where ϖ c denotes the growth rate obtained from curve fitting. In Rayleigh's [20] theory for an inviscid single jet, the expression for normalized growth rate is
where a is the radius of undisturbed jet. As discussed earlier, the sheet edge is like a cylindrical mass, and hence can be approximated as a jet with a diameter equal to the edge thickness of the sheet. Therefore, an equation predicting the edge thickness of the sheet is needed. Ibrahim [11] considered ψ as a function of θ and φ, and found the relation between the three parameters,
Assuming that the fluid velocity on the sheet, V, is constant throughout the sheet and is equal to the mean jet velocity, U, and combining Eqs. (4) and (8), we get an expression for the edge thickness as followws: 
This shows that the edge thickness is inversely proportional to the square of the jet velocity. However, Li [21] measured the motion of surface irregularities and waves and found that the fluid velocity on the sheet, V, increases as the azimuthal angle φ on the sheet decreases. Choo and Kang [17] directly measured local velocities on the liquid sheet by using a Laser Doppler velocimetry instrument and showed a similar distribution trend. Just for the purpose of normalization, the distribution of the fluid velocity on the sheet can be neglected. Hence, by referring to Rayleigh's theory, the nondimensional growth rate of the bead was given by the following expression:
The purpose of doing this normalization is to find out whether or not Rayleigh's theory is applicable to the edge instability of the liquid sheet. If it is, the growth rate ϖ * should be independent of the mean jet velocity, which dictates the edge thickness of the sheet. Ten beads for each jet velocity are measured. Figure 10 relates the normalized growth rate to the drop radius, and Fig. 11 relates the dimensional growth rate to the drop radius. Since the orifice diameter is constant, normalization is not done to the drop radius. Both figures show that smaller beads tend to grow faster than larger ones. This is because the smaller beads move faster than the larger ones. A later part of this paper will show that the fluid velocity in the edges of the sheet increases with decreasing of the angle φ, similarly to the distribution of fluid velocity on the sheet. These two distributions of fluid velocity have significant effects on the growth rate of the beads. Considering two beads of different sizes with the same initial position on the edges of sheet, since the smaller one moves faster than the larger one, for each time interval, the smaller one always reaches a highervelocity field than the larger one and hence receives more mass.
The second trend is that the growth rates of the beads with a lower mean jet velocity are larger than those with a higher mean jet velocity. This can be clearly seen from Fig. 10 . In Fig. 11 , this trend is clear only for the jet velocity of 2.59 m/s, but seems obscure for other velocities. Since the growth rate in Fig. 10 is already normalized by the jet velocity, if the bead growth completely complied with Rayleigh's theory, the relation between the growth rate and the resultant drop size should have been independent of the jet velocity. This discrepancy clearly suggests a significant relation between the growth rate of the edge instability with the fluid velocity.
To further compare the experimental results with Rayleigh's theory of a single inviscid jet, the edge thicknesses at the area π ⁄ 2 < φ < π on the sheet are roughly measured for all four jet velocities. The measurement clearly shows that the edge thickness decreases with increasing jet velocity (see Fig.  12 ). The measured thickness was used as 2a in Rayleigh's equation. The smallest radius of the droplet was calculated by using r Dmin =1.436a, where r Dmin denotes the smallest radius of the drop. The comparison of drop radii, as shown by Fig. 12 , suggests that all the minimum measured drop sizes are smaller than the theoretical prediction. One reason for this difference is that each bead produces not only a drop, but also a ligament. Because of the irregular shape, the volume of the ligament cannot be measured. The maximum growth rate ϖ max is calculated by substituting ϖ * = 0.3433 into Eq. (7). Comparison of maximum growth rates is exhibited in Fig. 13 . It shows that when the jet velocities are 3.54, 4.48, and 5.12 m/s, all the measured maximum growth rates are below Rayleigh's maximum growth rates. When the jet velocity is 2.59 m/s, the growth rate of the bead could be higher than the theoretical maximum. Nevertheless, the comparison shows that in general the measured maximum growth rate is lower than Rayleigh's theory. The major difference between the jet instability and the edge instability of the sheet is that the source of liquid for single jets is only from the orifice, while the sheet rim has a mass addition from the whole sheet. Savtchenko and Ashgriz [22] developed an analytical model for the basic flow of a jet with a small source of mass. They found that the mass addition reduces the growth rate of the disturbances, making the jet more stable.
Comparison with Rayleigh's theory indicates that the edge instability of the liquid sheet cannot be simply explained by the instability of single jets. A close look at all the photographs presented in this paper shows that the edge wavelength, i.e., bead interval, of high-velocity impingement is generally smaller than that of low-velocity impingement. This also can be deduced from the fact that the frequency of drops generation increased with increasing jet velocity. Hence, the relation between growth rate and mean jet velocity implies a relation between the growth rate and the initial bead interval. Further work is needed to explore this correlation. 
EDGE VELOCITY
The experimental setup for this work does not allow direct measurement of the fluid velocity within the sheet edge. However, a number of small beads of similar sizes are chosen to measure the speeds of their center of mass at different locations before the detaching occurs. Due to the small size, such beads do not generate large drag forces, and their speed can represent the edge velocity.
For each impinging angle, two impingement cases with different jet velocities are measured. Velocities of a few beads measured in a specific section are averaged. Averages and deviations are used to determine the distribution of the fluid velocity within the edges of the sheet, as shown in Fig. 14 . The velocity is normalized by the mean jet velocity. The x-axis is the vertical distance between the measurement point and the impact point, rather than the radial distance. The experiments show that the fluid velocity within the edge is the highest at the tip point of the sheet, and decreases with increasing of the angle φ. It is the lowest at the rear point of sheet where φ = π. 
CONCLUSION
Three types of sheets with closed rim are identified, namely presheet formation, smooth sheet, and ruffled sheet. All of them share a common feature in that there exists a cylindrical mass at the sheet rim. Disturbances roughen the cylindrical mass, and the growth of these disturbances produces drops on the edges of the sheet. The force balance on the edges of the sheet is analyzed. The result reveals an equilibrium between the fluid flowing out of the sheet and the fluid flowing into the sheet, which explains both the existence of the closed rim and the existence of the cylindrical mass.
Due to small disturbances, beadlike formations appear on the edges of sheet. These beads keep growing while moving along the edges of the sheet, and finally break up into drops. This is referred to as the edge instability of liquid sheets. Bead interval, which is defined as the distance between two neighboring beads, is considered as the wavelength of the edge instability. The amplitude is defined as the maximum length of the bead starting from the center point of the intersection between the bead and the unperturbed edge. Since the bead interval is found not to be a constant, both temporally and spatially, it is impossible to relate bead interval to the growth rate of the edge instability. It is also found that at the same location, smaller beads tend to move faster than larger ones, and this is the reason for the occurrence of bead merging. Provided that no merging occurs, smaller beads grow into smaller drops, while larger beads produce larger drops.
The disturbances initiated where the azimuthal angle was larger than 90° on the sheet are targeted. The growth of amplitude is measured, and it is found that the process of edge instability typically has two development stages: the growing stage and the detaching stage. In the growing stage, the amplitude always grows exponentially with time. The trend suggested by the detaching stage is either linear or exponential with time, depending on the jet velocity. However, the amplitude grows faster in the detaching stage than in the growing stage. Explanation shows that capillary instability is the major factor during the growing stage. However, in the detaching stage, in addition to the capillary instability, another significant factor that accelerates the edge instability is called the stretching effect, which is caused by the deviation of the trajectory of the bead from the sheet edge. For the targeted disturbances as mentioned above, three mechanisms of edge instability are identified: exponential growing and linear detaching; exponential growing and exponential detaching; and exponential growing without detaching. The last two mechanisms only occur at the lowest jet velocity, 2.59 m/s. A fourth mechanism is revealed for the disturbances initiated at the lower part of the sheet, where φ is smaller than 90°. Its only difference from the first mechanism is that the growth rate in the detaching stage is lower than that in the growing stage. An explanation is made by considering the geometric difference between the upper part and the lower part of the sheet.
The growth rate of beads is related to the resultant drop radii. Two types of growth rates, dimensional and nondimensional, are employed. Two trends are discovered. (1) Smaller beads tend to grow faster than larger beads. This is because within the same time interval, the smaller beads receive more mass from the sheet. This, in turn, is because the smaller beads move faster than the larger beads, and also that both the fluid velocity on the sheet and the fluid velocity within the edges increase with decreasing azimuthal angle. (2) Beads on spray sheets formed by low-velocity jets grow faster than those with high-velocity jets. This suggests a significant relation between the growth rate of the edge instability with the fluid velocity. Comparison with Rayleigh's theory is made by approximating the edge thickness of the sheet as the jet diameter in Rayleigh's formula of capillary instability of a single inviscid jet. The measured smallest drop radii are smaller than the theoretical prediction. This is because a bead breaks up into a drop and also a ligament, the size of which could not be measured. A significant discrepancy occurs when the measured maximum growth rate is compared with Rayleigh's theory.
To find the distribution of fluid velocity within the edges of the sheet, a number of small beads of similar sizes are chosen to measure the motion of their mass centers. It is found that the edge velocity increases as φ decreases.
